GM3 synthase (ST3GAL5) is the first biosynthetic enzyme of a-and b-series gangliosides. Patients with GM3 synthase deficiency suffer severe neurological disability and deafness. Eight children (ages 4.1 ± 2.3 years) homozygous for ST3GAL5 c.694C>T had no detectable GM3 (a-series) or GD3 (b-series) in plasma. Their auditory function was characterized by the absence of middle ear muscle reflexes, distortion product otoacoustic emissions and cochlear microphonics, as well as abnormal auditory brainstem responses and cortical auditory-evoked potentials. In St3gal5 −/− mice, stereocilia of outer hair cells showed signs of degeneration as early as postnatal Day 3 (P3); thereafter, blebs devoid of actin or tubulin appeared at the region of vestigial kinocilia, suggesting impaired vesicular trafficking. Stereocilia of St3gal5 −/− inner hair cells were fused by P17, and protein tyrosine phosphatase receptor Q, normally linked to myosin VI at the tapered base of stereocilia, was maldistributed along the cell membrane. B4galnt1 −/− (GM2 synthase-deficient) mice expressing only GM3 and GD3 gangliosides had normal auditory structure and function. Thus, GM3-dependent membrane microdomains might be essential for the proper organization and maintenance of stereocilia in auditory hair cells.
Introduction
The organ of Corti is the auditory sensory organ of the cochlea, comprised of hair cells, supporting cells and the tectorial membrane. Inner hair cells (IHCs) are directly involved in sound transduction, whereas outer hair cells (OHCs) amplify the vibrations. Cochlear fluids in scala tympani cause to drive the deflection of the stereocilia on apical surfaces of IHCs and OHCs. Movement of stereocilia opens mechanotransduction † These authors contributed equally.
potassium channels located at their tips and triggers hair cell depolarization (1, 2) .
Sialic acid-containing glycosphingolipids (GSLs), also called gangliosides, are enriched in the central nervous system and vital to normal brain development and function (3) (4) (5) . Gangliosides localize to the outer leaflet of membranes to form microdomains called lipid rafts, which regulate membrane organization, transmembrane signaling and cell adhesion (6) . GM3 synthase (a.k.a lactosylceramide sialyltransferase; ST3GAL5) is the first enzyme mediating biosynthesis of complex a-and b-series gangliosides. The second enzyme, B4GALNT1, transfers GalNAc to LacCer, GM3 or GD3 to form GA2, GM2 or GD2, respectively (Fig. 1A) .
Various patterns of ganglioside deficiency have been modeled in genetically engineered mice (7) . GD3 synthase null (Siat8 −/− ) mice lack b-series gangliosides and have thermal hyperalgesia and mechanical allodynia (8) . B4galnt1 −/− mice, which express only two ganglioside species (GM3 and GD3), have reduced neural conduction velocity, ataxia and progressive axonal degeneration (9, 10) . Mice that express only GM3 (B4galnt1
; Siat8 −/− double knockout) have audiogenic seizures and sudden death (5, 11) . Mice lacking all a-and b-series ganglioside species, generated by double knockout of both St3gal5 and B4galnt1, have a severe neurodegenerative disease characterized by reduced brain weight, aberrant axon-glial interactions, axonal degeneration and decreased survival (12) . In humans, homozygous or compound heterozygous loss-offunction mutations of ST3GAL5 cause systemic a-and b-series ganglioside deficiency and are associated with infantile-onset epileptic encephalopathy, slow brain growth, stagnant psychomotor development, growth failure, blindness, dyspigmentation and deafness (13) (14) (15) (16) (17) . St3gal5 −/− mice produce no GM3 and also have severe hearing loss manifest at the time of normal hearing onset accompanied by degeneration of cochlear hair cells (18) . Based on the auditory phenotype of human and murine GM3 synthase-deficiency, we hypothesized that GM3 plays an essential role in the postnatal maturation and function of the organ of Corti (18) . Here, we study auditory function of human patients with homozygous ST3GAL5 c.694C>T mutations and explore mechanisms of hearing loss using St3gal5 −/− and B4galnt1 −/− transgenic mice. Our results implicate a specific and indispensable role for GM3 ganglioside in development and viability of cochlear hair cells.
Results

GM3 synthase (ST3GAL5) deficiency in humans
Eight children (ages 4.1 ± 2.3 years, 4 female) from the Old Order Amish community of Pennsylvania were homozygous for ST3GAL5 c.694C>T mutations. As reported by Simpson et al. (13) , we confirmed that plasma of affected children had undetectable GM3 and its downstream biosynthetic derivatives as well as elevated lactosylceramide (LacCer; the proximate), globoside and paragloboside metabolites (data not shown). All eight children had the characteristic phenotype of systemic a-and b-series ganglioside deficiency, including slow postnatal head growth, intractable epileptic encephalopathy, severe psychomotor delay, visual impairment and hearing loss. Patient electroencephalograms (EEGs) revealed slow (2-4 Hz), high voltage (>300 µV), chaotic background activity. Sleep-wake variation, posterior rhythm, and photic driving response were consistently absent. Multifocal spike-slow wave discharges at a frequency of 1.5-3 Hz lasting 3-10 s were seen in all children, and electrographic seizures of similar frequency and duration were captured on 29% of EEG (Fig. 2) . Magnetic resonance images from a subgroup of patients showed normal brain size and structure at birth, but evidence of hypomyelination and delayed brain maturation with advancing age (Fig. 2) .
Auditory phenotype of humans with ST3GAL5 deficiency
Children homozygous for ST3GAL5 c.694C>T had absent middle ear muscle reflexes (MEMRs) at all frequencies in most ears tested (Table 1) . Thresholds were normal in only one ear of one patient, but responses were absent for two out of four frequencies in that subject's other ear. Another patient had elevated responses in one ear, but absent responses at all frequencies in the other ear. Distortion product otoacoustic emissions (DPOAEs) were absent bilaterally in all subjects, consistent with the observation that all ST3GAL5 c.694C>T homozygotes who were tested failed the newborn hearing screen. Auditory brainstem responses (ABRs) had abnormal thresholds in all ears and cochlear microphonics (CM) was consistently absent (Table 2) . One child had no reproducible ABR waves. Wave I was observed in one subject, questionable in another, and absent in remaining patients. In six children, only Waves III and V could be clearly defined. Wave latencies were normal (80 dB) in the majority of patients. In most ears, comparison of condensation and rarefaction responses revealed waveform phase reversals (Fig. 2) . Cortical auditory-evoked potentials (CAEPs) were detectable in all ST3GAL5 c.694C>T homozygotes (Table 2 ), but their morphology was abnormal in 7 (88%) and P2/N2 latency was delayed in 6 (75%) patients.
Postnatal GSL expression in wild-type murine cochlea
Healthy mice begin to recognize sound by postnatal Day 12 (P12), designated the 'onset of hearing' (Fig. 1D) . We investigated the expression of GSLs in wild-type murine cochlea during the postnatal maturation period from P1 to P17. As shown in Figure 1B , GM3 is the dominant cochlear GSL at P1. After P3, there is marked increase of GM3 as well as other GSLs, including glucosylceramide, complex gangliosides (GM1, GD1a, GD3, GD1b, GT1b) and sulfatides (SM3 and SM4) (Fig. 1B) . The structures of each ganglioside species were examined by liquid chromatography mass spectrometry (LC-MS) (Fig. 1C) .
It has been reported that ganglioside GM1 is present on the surface of the cochlea of the chinchilla using FITC-labeled cholera toxin B subunits (19) . Table 3 summarizes the distinctive membrane distributions of GM1 and GM3 in wild-type organ of Corti. In OHC stereocilia, GM3 was high but GM1 was undetectable ( Fig. 3C and D) , and neither ganglioside species was expressed on the basolateral cell body (Fig. 3E) . In IHC stereocilia, both GM1 and GM3 were expressed from the taper region to the top ( Fig. 3C and D), but GM3 was absent from the IHC body. Expression of GM1 (but not GM3) was especially high on the surface of supporting Deiters cells and pillar cells expressed only GM1 (Fig. 3E ).
GSL expression in cochlea of St3gal5 and B4galnt1 null mice
Cochlea of St3gal5
−/− mice were devoid of a-and b-series gangliosides, replaced by compensatory o-series gangliosides (GM1b and GD1α) (Fig. 3A , left panel) and a high content of LacCer, the proximate substrate of GM3 synthase ( Fig. 3A right panel) . In B4galnt1 −/− mice, the only other ganglioside detected was GD3 (Fig. 3A) . Neutral glycolipid composition of B4galnt1 −/− cochlea was similar to wild type.
Auditory system morphology and function in St3gal5 and B4galnt1 null mice mice was comparable to that of wild-type mice at all frequencies tested (Fig. 3B) . In contrast, ABRs were absent in 4-week-old St3gal5 −/− mice (Fig. 3B ).
We used confocal laser microscopy with phalloidin staining to examine hair cell morphology in transgenic animals. In B4galnt1 −/− mice, OHC and IHC morphology were normal at 4
weeks-old ( Fig. 3C and D) . In contrast, St3gal5 −/− mice had (Fig. 4A) . By P8, scanning electron microscopy (SEM) revealed blebs along both apical and basal coils of vestigial kinocilia ( Fig. 4B , left panel), but these disappeared by P17 (Fig. 4B , right panel). As depicted in Figure 4C , OHC blebs in P8 St3gal5
mice did not stain with anti-acetylated tubulin, suggesting they did not derive from tubulin-based kinocilia. Negative phalloidin staining indicated that these blebs contained neither cytoplasmic nor cortical actin. Blebs generally indicate cellular injury and subsequent necrosis or apoptosis (20) (21) (22) , but TUNEL staining showed no signs of apoptosis in cochlea of P8 St3gal5 −/− mice ( Fig. 4D ). In this vestigial kinocilia region of the cuticular plate, actin filaments were depleted and connections between the actin cortical layer and plasma membrane were weak (23), but membrane recycling, endocytosis, and exocytosis appeared active (24) . Transmission electron microscopy (TEM) revealed the appearance of intracellular vesicles in OHCs of St3gal5 −/− mice ( Fig. 4E ). Magnified view clearly showed that these vesicles contained the intracellular membranous structures. Taken together, these observations suggest that blebs and intracellular vesicles seen in OHCs of St3gal5 −/− mice might reflect an imbalance of endocytosis and exocytosis. We next examined the morphology of IHC hair bundles using both SEM (Fig. 5A ) and TEM (Fig. 5B ). Until P10, IHC stereocilia of 
St3gal5
−/− mice were structurally normal. However, by P12 some IHC stereocilia were stuck together and bent ( Fig. 5A , arrows). Most degenerated by P14. TEM at P17 revealed giant and fused stereocilia with thick, long rootlets that penetrated the cuticular plate ( Fig. 5B ).
Irregular expression of PTPRQ and myosin VI in stereocilia of St3gal5 null mice
Myosin VI is normally concentrated at the base of stereocilia, where it interacts with protein tyrosine phosphatase receptor Q (PTPRQ) to maintain organization of the cell surface coat and structure of the overall hair bundle (25) . We used immunostaining to evaluate involvement of gangliosides in the formation of this basal PTPRQ-myosin VI complex (Fig. 6 ). As shown in Figure 6B , PTPRQ was exclusively localized to the base of stereocilia in wild-type mice, but in St3gal5 −/− mice, PTPRQ was maldistributed along the fused stereocilia.
In fused IHC stereocilia of St3gal5 −/− mice, myosin VI was present from the base to the midshaft but absent from top regions (Fig. 6A ), suggesting loss of normal ciliary motor action. In St3gal5 −/− OHCs, expression of myosin VI was concentrated on the surface of the cuticular plate, close to vestigial kinocilia (Fig. 6A ). Our observations suggest that membrane domain enriched with GM3 are crucial to the formation and proper localization of the stereocilia PTPRQ-myosin VI complex. In the absence of GM3, localization of this complex is disrupted (Fig. 6C) , and this may have important structural and functional consequences for both inner and outer hair cells.
Discussion
Gangliosides and mammalian auditory development
Humans lacking all a-and b-series gangliosides have a profound disturbance of auditory function, described here as the neonatal onset hearing impairment, weak or absent MEMRs and DPOAEs, abnormal ABR morphology and thresholds, absent CMs, and delayed CAEPs. Absent DPOAEs and CMs indicate severe OHC impairment. Although the presence of ABRs in seven of eight patients indicates at least partial IHC function, numerous abnormalities revealed by MEMR and ABR testing suggest there is significant dysfunction of IHCs, central auditory pathways or both. As further evidence of this, ABR thresholds are generally higher than expected if OHC dysfunction alone explain hearing loss. Wave reversal observed in many patients indicates that hearing is more impaired at high versus low and middle frequencies (26) . In contrast, humans with autosomal recessive B4GALNT1 deficiency have no hearing loss, visual impairment or epileptic encephalopathy, but suffer from progressive spastic paraplegia (13) (14) (15) (16) (17) 27 ). This suggests that (i) each ganglioside has a particular distribution and functional relevance within the nervous system; (ii) there may be limited functional redundancy among various ganglioside species; and (iii) GM3 is indispensable to both the cochlear and neural phases of sound processing in mammals.
In this study, we exploited differential patterns of GSL expression among wild-type, St3gal5
−/− and B4galnt1 −/− mice to explore cochlear mechanisms of hearing loss that could be specifically attributed to deficiency of GM3 (18) . Wild-type mice have a marked increase of gangliosides and other GSLs in the cochlea during early postnatal maturation (Fig. 1D ), suggesting these molecules contribute to hearing onset. After auditory maturation, GM3 and GM1 show a distinctive distribution among cellular elements of the organ of Corti (i.e. IHC, OHC, Dieters cell, pillar cell) as summarized in Table 3 . Both IHCs and OHCs express GM3, which is preferentially distributed to the apical surface, cuticular plate and stereocilia, whereas only IHCs express GM1, which is localized to their apical surface. In St3gal5 −/− mice, degeneration of OHCs precedes that of IHCs, and this may reflect relative enrichment of GM3 in OHCs. mice lacking b-series gangliosides (e.g. GD3) hear normally (unpublished data). All GM3 synthase-deficient patients tested with a newborn hearing screen failed, confirming that auditory deficits in humans with GM3 deficiency are present early in life. However, no structural abnormality of OHC or IHC stereocilia is evident in St3gal5 −/− mice at P0. Thus GM3 may play its most critical role in postnatal maturation rather than embryogenesis of the auditory system. Consistent with this, auditory function of St3gal5 −/− mice, although impaired at the onset of hearing, is completely abolished by P17 (18), at which time TEM reveals pathological remodeling of stereocilia (Fig. 5B) .
Glycocalyx integrity and membrane cycling in GM3-deficient mice
Apical membranes of stereocilia are covered with a glycocalyx composed of acidic glycoproteins and glycolipids (including gangliosides) that contain sialic acid (29) . This creates a dense negative charge distribution within the glycocalyx that normally prevents fusion of adjacent stereocilia. In experimental animals, aminoglycoside administration reduces the expression of sialoglycoconjugates in the OHC glycocalyx (30) and is associated with fusion of stereocilia (31) . Fused stereocilia in St3gal5 −/− mice may similarly reflect loss of the normal repulsive charge barrier between adjacent stereocilia, mediated in part by GM3 and its a-and b-series derivatives.
In the cuticular plate region of St3gal5 −/− OHCs, we observed depletion of actin filaments, weak connections between the plasma membrane and actin cortical layer (23) and numerous membrane blebs. Abundant blebs are also seen in aminoglycoside-treated organ of Corti (32, 33) . In both cases, blebs may arise from imbalance of endocytosis and exocytosis (24, 34, 35) . Since endocytosis in OHCs is clathrin-independent, mediated by caveolae and glycolipid rafts (24, 36, 37) , the depletion of GM3 from ganglioside-dependent membrane organization may disrupt membrane recycling or vesicle transport to cause bleb formation (Fig. 4) . 
GM3-enriched membrane organization, PTPRQ-myosin VI complex localization and hair cell morphology
In the normal organ of Corti, functional PTPRQ-myosin VI complexes at the base of stereocilia appear critical to maintaining hair cell morphology and function (25) . PTPRQ is a shaft connector located at the tapered base of stereocilia, with an extracellular domain containing 18 fibronectin III (FNIII) repeats, a membrane spanning domain, and a cytoplasmic domain that has both phosphatidylinositol and tyrosine phosphatase activities (38, 39) . Myosin VI is an actin-based motor protein that controls interactions between the plasma membrane and actin cytoskeleton (40) . Mice lacking PTPRQ are deaf and lack tapering at the base of stereocilia, which become fused (25) . In deaf, myosin VI-deficient mice, comparable structural changes of stereocilia are accompanied by maldistribution of PTPRQ along the length of the stereocilia membrane (25, 41, 42) . We observed a similar morphological disruption of stereocilia and maldistribution of PTPRQ in St3gal5 −/− mice (Fig. 6B) , indicating a common underlying mechanism. In renal membranes, myosin VI has a regulatory association with Na + /H + exchanger three within microdomains called lipid rafts (43) . These lipid rafts, enriched in cholesterol, gangliosides and other GSLs, are important for the maintenance of brush border microvilli architecture and function, and also influence the activity of many transmembrane proteins (44) (45) (46) (47) (48) (49) (50) . Furthermore, the existence of ganglioside-rich membrane domains colocalized with PTPRQ has been observed in the basal tapers of bull frog hair cells (51) . Based on observations from GM3-deficient humans and mice, we postulate that membrane organization enriched with GM3 are essential to the functional interactions among PTPRQ, myosin VI, actin and the cytoskeleton of inner and outer hair cell stereocilia (Fig. 6C) . Taken together, our results show that normal spatial and temporal expression of GM3 is critical to the structural integrity and function of auditory hair cells. These findings provide a foundation for understanding mechanisms of hearing loss in humans with GM3 synthase deficiency, but are not sufficient to explain the full constellation of neurological findings in these patients.
Clearly, systemic GM3 deficiency also interferes with cerebral myelination and electrical activity (Fig. 2) . This certainly affects central auditory function and also explains the severe psychomotor delay, epilepsy and visual impairment seen in children homozygous for ST3GAL5 c.694C>T. Future studies should more carefully delineate the role of lipid rafts generally, and GM3 specifically, in the development and physiology of the central nervous system.
Although hearing is already impaired at birth in humans with GM3 synthase deficiency, our observations of St3gal5 −/− mice suggest that a critical postnatal window may exist during which hair cell remodeling and degeneration could be rescued by ganglioside repletion therapy. This will prove challenging for at least three reasons: (i) purified GM3 is prohibitively expensive, and not currently available in sufficient quantities to offer human subjects; (ii) bioavailability of intestinal GM3 is unknown but may be quite limited, making enteral GM3 therapy impractical; and (iii) even if GM3 is successfully delivered to the circulation, it may not efficiently cross biological barriers into the organ of Corti or central nervous system. Cochlear and neural tissues are believed to make their own GSLs, and it is not clear that gangliosides from the circulation could be routed in adequate abundance to their proper location to restore function of OHCs, IHCs, neurons and oligodendrocytes. Nevertheless, these are soluble questions and the answers are important; we have experiments underway to answer them.
Materials and Methods
Study subjects
Study of human subjects was approved by the Lancaster General Hospital Institutional Review Board and parents consented in writing on behalf of their children. We studied eight children, ages 4.1 ± 2.3 years (four females), all of whom were members of the Old Order Amish community of Pennsylvania and homozygous for c.694C>T mutations of ST3GAL5. All patients received longitudinal pediatric care at the Clinic for Special Children (Strasburg, PA).
Auditory testing
We performed tympanometry testing with a 226-Hz probe tone, and ipsilateral MEMRs were measured between 80-100 dB HL at 0.5, 1, 2 and 4-kHz (Titan, Interacoustics). Distortion product otoacoustic emissions were obtained using the ILO (Otodynamic) 'eight points/octave' function. 2f1-f2 were recorded for f2 varying from 842 Hz to 7996 Hz and intensities of the primaries were kept constant across the frequency range (f1 = 65 dB SPL, f2 = 55 dB SPL). The f1/f2 frequency ratio was 1.22. ABRs were elicited using 100 µs air-conduction clicks and recorded from a two-channel four-electrode montage (mastoidhigh forehead-mastoid) with the Eclipse system (Interacoustics). Responses were first obtained at 80 dB normal hearing level (nHL). The intensity was increased by 10 dB when deemed appropriate to better visualize a response. When responses were present, intensities were then decreased in 10 dB steps to obtain a response threshold.
Condensation and rarefaction clicks were used to distinguish the CM from the compound action potential. The rate of stimulation was 27.7/s, low pass filter was 1500 Hz and high pass filter was 100 Hz, with gain set at 20 K. The presence of a wave was only established when at least two different recordings (for each polarity of the click) were available at the same or different intensity to verify reproducibility. CAEPs were recorded with the Intelligent Hearing System device following the delivery of the stimulus/da/. Stimuli were delivered at 80 dB SPL to each ear separately through insert earphones. Responses were recorded using a two-channel, four-electrode montage (mastoid-high forehead-mastoid). The recording window was 400 ms. For each ear, 60 responses were averaged three times to calculate a grand average.
Mice
All animal studies were approved by Institutional Review Boards of Tohoku Pharmaceutical University. St3gal5 −/− mice were generated as previously described (18, 52) . Mutant mice were maintained on a C57BL6 background by heterozygous mating to generate littermate controls and PCR genotyping of St3gal5 alleles was performed as previously described (18) . Briefly, St3gal5 genotypes were determined by Southern blot and PCR analysis of genomic DNA isolated from embryonic stem cells and tail biopsies. Primer pairs used for genotyping included 5′-GGAATC CATCCCTTTTCTCACAGAG-3′ and 5′-TGAACTCACTTGGCATTG CTGG-3′ for detection of the wild-type allele (exon 2) and 5′-ACTGGGCACAACAGACAATCGG-3′ and 5′-TGGATACTTTCTCG GCAGGAGC-3′ for the knockout allele (neomycin resistance gene). B4galnt1 −/− mice were established from B4galnt1 and B4galnt2 double null mice supplied by the Consortium for Functional Glycomics (www.functionalglycomics.org). Genotypes were using PCR from tail-tissue DNA (53) . Both types of null mice were backcrossed with C57BL/6 mice over >11 generations.
Immunohistochemistry
Animals were kept under deep anesthesia and briefly perfused with physiological saline and 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Each cochlea was rapidly removed 
TUNEL staining
Apoptotic cells in the cochlea were detected using In Situ Cell Death Detection Kit, POD (Roche). Apoptotic cleavage of genomic was identified by TUNEL, following the manufacturer's instructions. Positive controls for apoptosis were obtained by treating cochlear sections with DNase I.
Scanning and TEM
For SEM, cochlea were dissected to expose the organ of Corti and were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde in 30 m HEPES buffer ( pH 7.3) for 2 h at room temperature. Postfixation was performed by rotating tissues in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h at 4°C. Samples were dehydrated through a graded series of ethanol, substituted with t-butyl alcohol, freeze-dried, coated with platinum, and viewed in a JEOL JSM-T330A scanning microscope at 20 kV. For TEM, cochlea were fixed in 2.5% glutaraldehyde in 0.1 M PB ( pH 7.4) for 2 h at room temperature. Postfixation was performed by rotating tissues in 1% osmium tetroxide in 0.1 M PB for 1 h at 4°C. Samples were dehydrated through a graded series of ethanol, equilibrated with propylene oxide and imbedded in Quetol-812 resin. Blocks were cured for 2 d at 60°C and sectioned with glass and diamond knives at 90-200 nm thickness. Sections were mounted on copper grids, double stained with uranyl acetate followed by lead citrate, and viewed in a JEOL transmission electron microscope at 70 kV.
Auditory brainstem responses
Mice (4 weeks of the age) were anesthetized with ketamine hydrochloride and xylazine hydrochloride. ABRs were recorded by using stainless steel electrodes placed at the vertex ( positive), behind the bilateral ears (negative), and at the lower back (ground). Tone burst stimuli (rise/fall time: 0.2 ms; plateau time: 1 ms; repetitive rate: 11 Hz) were applied from the speaker (PT-R100; Pioneer) by using a function generator (DPS-725; Dia Medical) for which the system could provide 100 dB SPL at each frequency. Evoked responses were filtered with a band pass of 200 to 3 kHz, and the average 200 sweeps was recorded by using a single processor (Neuropack Micro; Nihon Kohden). ABR waveforms were recorded in decreasing 5 dB SPL intervals from a maximum amplitude until no waveforms could be visualized.
GSL (ganglioside) analysis
Cochlea were dissected from wild-type, B4galnt1 
LC-MS analysis
The acidic fraction was analyzed by liquid chromatography-ion trap-mass spectrometry with a NH2 column (Inertsil NH2, 3 mm, 1 × 50 mm, GL Science, Japan), flow rate ( 
Statistical analysis
Values in the text are the means ± SD. Data were compared using Student's t-test for two-group comparison or ANOVA for multigroup comparison. Significant differences were post hoc analyzed using Scheffé's test. Differences were considered significant at P < 0.05. 
